We have utilized DNase I and mlcrococcal nuclease (MNase) to map the chromatin structure of the HSC82 heat shock gene of Saccharomyces cerevisiae. The gene Is expressed at a high basal level which is enhanced 2-3-fold by thermal stress. A single, heatshock Invariant DNase I hypersensitive domain is found within the HSC82chromosomal locus; it maps to the gene's 5' end and spans 250 bp of promoter sequence. DNase I genomlc footprinting reveals that within this hypersensitive region are four constitutive proteln-DNA interactions. These map to the transcription initiation site, the TATA box, the promoter-distal heat shock element (HSE1) and a consensus GRF2 (REB1/Factor Y) sequence. However, two other potential regulatory sites, the promoter-proximal heat shock element (HSEO) and a consensus upstream repressor sequence (URS1), are not detectably occupied under either transcriptlonal state. In contrast to its sensitivity to DNase I, the nucleosome-free promoter region Is relatively protected from MNase; the enzyme excises a stable nucleoprotein fragment of -210 bp. As detected by MNase, there are at least two sequencepositioned nucleosomes arrayed 5' of the promoter; regularly spaced nucleosomes exhibiting an average repeat length of 160-170 bp span several kilobases of both upstream and downstream regions. Similarly, the body of the gene, which exhibits heightened sensitivity to DNase I, displays a nucleosomal organization under both basal and Induced states, but these nucleosomes are not detectably positioned with respect to the underlying DNA sequence and may be irregularly spaced and/or structurally altered. We present a model of the chromatin structure of HSC82 and compare It to one previously derived for the closely related, but differentially regulated, HSP82 heat shock gene.
INTRODUCTION
DNA within the nucleus of a eukaryotic cell is complexed with histones and a variety of non-histone chromosomal proteins to form chromatin. The primary subunit of chromatin is the nucleosome, whose core consists of 165 bp of DNA coiled around a histone octamer, and whose linker is of variable length, ranging from 0 to 80 bp (1) . Since the initial observation that actively transcribed sequences are preferentially susceptible to digestion by DNase I (2,3), nuclease digestion has been widely used to study the relationship between chromatin structure and gene expression.
The yeast Saccharomyces cerevisiae provides an ideal system for dissecting the relationship between gene structure and function (4) . To date, the detailed chromatin structure of a variety of yeast genes has been described, including the mating-type loci (5), the two alcohol dehydrogenase genes (6) , the galactose-regulated GAL genes (7-10), PHO5 (11) , LEU2 (12) and the heat shock gene HSP82 (13) . These studies have revealed that actively transcribed yeast genes, like those in higher eukaryotes, typically possess promoter-associated nuclease hypersensitive sites and transcription units with heightened sensitivity to DNase I (reviewed in 14, 15) . While hypersensitive sites are thought to represent nucleosome-free entry points for regulatory proteins, displacement or disruption of nucleosomes may arise from the direct binding of regulatory proteins to nucleosomal DNA (16) (17) (18) (19) (20) ; reviewed in 21, 22) . Alternatively, histone binding to DNA may be pre-empted by the selective deposition of transcription factors onto chromatin during nucleosome assembly (23) . The general increase in nuclease sensitivity of transcription units is thought to be due to traversing RNA polymerase molecules that transiently disrupt or displace nucleosomes, possibly through the generation of positive supercoils (24) (25) (26) or through direct competition of the polymerase for the DNA (10, 27) . In addition, long arrays of phased nucleosomes are frequently observed in regions flanking transcribed sequences, but their functional significance, if any, remains unclear (13, (28) (29) (30) .
We are interested in understanding the role of chromatin in the heat shock transcription mechanism, and are employing the closely related HSP82 and HSC82 genes of 5.cerevisiae as biological models. As a prelude to a detailed genetic and biochemical dissection of this mechanism, it is necessary to obtain a high-resolution map of the chromatin structure of these differentially regulated genes. The nucleoprotein architecture of the strongly inducible HSP82 gene has been previously described, and includes structures potentially involved in transcription initiation, elongation and Figure 1 . Steady-state HSP90 mRNA levels in yeast cells before and after heat shock Total RNA was prepared from log-phase cells either maintained at 30°C (-) or heat-shocked for 15 mm (+), and subjected to Northern analysis as described in Materials and Methods termination (4, 13, 31) . We have performed a complementary study on the HSC82 gene, which is expressed at a 10-fold higher constitutive level but is induced only 2-3-fold following heat shock, based on both protein and RNA measurements (32; Fig. 1 ) We report here that the chromatin structure of the HSC82 locus reflects its constitutively high level of transcription, and in many ways resembles that elucidated for HSP82. However, in contrast to HSP82, we find that the nucleosome-free promoter region of HSC82 is remarkably resistant to micrococcal nuclease (MNase) and contains, by the criteria of DNase I genomic footprinting, four prominent protein-DNA interactions. These interactions map to the transcription initiation (Inr) site, the TATA box, the promoter-distal heat shock element (HSE1) and a consensus GRF2 (REB I/Factor Y) site. The latter complex is not seen within the HSP82 promoter (20, 31, 33) , and may underlie the MNase resistance of the HSC82 upstream regioa
MATERIALS AND METHODS

Cell growth, heat shock and spheroplasting
S.cerevisiae haploid strain W303-1B [MATa, l5, ll2, ] was used in all experiments reported here. Cells were grown in rich medium (1 % yeast extract, 2% bacto-peptone, 2% dextrose) to early log phase (-2.5 x 10 7 cells/ml), heat shocked (3O-39°C shift for 15-20 mm), metabolically poisoned with 20 mM sodium azide and converted to spheroplasts at 30°C as previously described (31) .
Nuclease digestion of chromatin
For micrococcal nuclease digestions, nuclei were purified from a 250 ml mid-log culture (-3.5 x 10 7 cells/ml) as described by Szent-Gyorgyi et al. (13) and gently suspended in 600 |il of digestion buffer [10 mM HEPES (pH 7.5), 0.5 mM MgCl 2 ,0.05 mM CaCy fortified with the following battery of protease inhibitors: 1 mM PMSF, 2.0 mM benzamidine, 0.1 (Xg chymostatin/ml, 1.7 fig aprotinin/ml, 1.1 fig phosphoramidon/ml, 7.2 |ig E-64/ml, 1.0 jig pepstatin/ml, 2.0 |ig leupeptin/ml, 2.0 ug antipain/ml. Suspended nuclei were divided into 200 (il samples (-50 fig DNA) , prewarmed at 37° C for 5 min, and digested with MNase (Pharmacia) employing 800 U/sample for 10 min or 400 U/sample for 20 min.
For DNase I digestions, spheroplast lysates rather than purified nuclei were employed as the substrate. We have previously found that the lysate technique gives equal or superior DNase I chromatin and genomic footprints (31) . Spheroplasts, lysed in 40 mM Hepes, pH 7.2,1 mM MgCl 2 ,0.1 mM CaCl 2 (supplemented with the same complement of protease inhibitors as above), were digested with DNase I (DPFR grade; Organon Tekruka, Malvern, PA) using 4 Kunitz U/sample [each sample representing the equivalent of -5 x 10 9 cells (-60 ng DNA)] for 10 min at 23°C or 3-14 U/sample for 80 mm at 3°C, and genomic DNA was purified as described (31) .
For digestion of naked DNA as a control, DNA was purified from nuclei as above and digested at 37 °C for 10 min with 2 x 10-5 U DNase 1/u.g DNA or 2 x 10~2 U MNase/fig DNA. Nuclease cleavage sites were mapped by electrophoresing the foregoing samples in parallel with molecular weight standards (Hindm digested X DNA + HoeUS. digested <(>X174 DNA) and/or with landmark restriction fragments (see legends to Figs 3,6 and 7). Landmark fragments were obtained by digesting genomic DNA with BamYO. alone (-1341, +4100) or with one of the following enzymes: Haem (-714), EcoKl (-615), Hindm (-370, +2095), Xbal (-173, -285) or Kpnl (+553). Nucleotide coordinates are provided relative to the principal transcription start site, located 41 bp upstream of the ATG codon (32) .
DNA electrophoresis and Southern blot hybridization
DNA samples (7.5 jig/lane) were electrophoresed on a 2% agarose gel m 40 mM Tris, 33 mM sodium acetate, 2 mM EDTA (pH 8.5) and blotted by alkaline capillary transfer to nylon (34) . MNase and DNase I cleavage sites were mapped by indirect end-labelling (35, 36) . DNA was restricted with BamHi prior to electrophoresis and hybridized with probes Cl and C4 to permit mapping from the upstream and downstream anchors, respectively (see Fig. 2A for probe and restriction map). All blots were hybridized and washed at 55 C C with RNA probes synthesized in vitro using pGEM-3 (Cl, C3, C4) or pRS306 (C2) constructs as previously described (37) . //SCS2-specific fragments were subcloned out of pUTX203 (a gift of D. B. Finkelstein), a pBR322 derivative containing the 4.5 kb HSC82 BamHl fragment (spanning -1341 to +4100).
Genomic primer extension of DNase I digested chromatin
Spheroplast lysates were prepared essentially as above except that spheroplasting was done at 30 °C for control cells and 39 °C for heat-shocked cells. Lysates were digested with 0-80 U of DNase I per 5 x 10 9 cells at 23° C for 5 mm. Reactions were terminated through addition of an equal volume of stop buffer (50 mM Tns-HCl, pH 7.5, 1 M NaCl, 1% SDS and 50 mM EDTA). Following incubation at 23 °C for 15 min, cellular debris was pelleted (14 000 g, 1 min), the supernatant extracted with phenol-chloroform, and nucleic acids precipitated with an equal volume of isopropanol. Nucleic acids were then suspended in 10 mM Tris-HCl, 0.5 mM EDTA, pH 8.0 (TE buffer), sequentially digested with RNase A and proteinase K, phenol-chloroform extracted and ethanol precipitated. Each sample was then suspended in 100 (il TE, chromatographed through a Sephadex G50 spin column, ethanol precipitated, and dissolved in 50 fil distilled water. Deproteinized genomic DNA control samples were digested with 0-0.2 U DNase I per 5 |ig DNA at 23 °C for 5 min, ethanol precipitated, and dissolved in 20 (il distilled water. The overall level of digestion of chromatin and naked DNA was assessed by agarose gel electrophoresis; samples were matched according to extent of digestion. Only samples exhibiting low to intermediate levels of digestion were subjected to primer extension, optimizing the probability of there being no more than one cleavage within the HSC82 upstream regulatory region (38) . The HSC82 upstream sequence is numbered relative to the principal transcription start site (+1), as defined by S1 mapping (32) Putative cis-regulatory sequences within the HSC82 upstream regulatory region, identified by their similarity to published consensus sequences (51) , are indicated. In addition, the four continuously boxed elements, GRF2, HSE1, TATA and Inr, serve as binding sites for sequence-specific proteins based both on DNase I genomic footpnnung of spheroplast lysates (this paper) and a mutaaonal analysis to be published elsewhere (Adams el at, manuscript in preparation). The GRF2 element centered at position -205 exhibits an 8/8 match to conserved nucleoDdes within its consensus sequence, YNNYYACCCG (where Y = C or T) (59), while TATA boxes at -98, ^1 and -27 exhibit 7/7, 6/7 and 5/7 matches, respectively, to the TATA consensus, TATAWAW (where W = A orT) (43, 44) Heat shock elements HSEO and HSE1 each exhibit a 10/12 match to conserved nucleondes within the heat shock consensus, consisting of four tandemly inverted NTTCN units (55) . The URS1 sequence centered at position -221 exhibits a 10/10 match to the URS consensus, TAGCCGCCGA (61) One microgram of genomic DNA was subjected to amplified primer extension (AMPEX) essentially as described (39) . Briefly, 10 pmol of ohgonucleotide was end-labelled with 100 |iCi y-ATP and gel purified; this provided sufficent primer for 20 AMPEX reactions (0.5-1.0 x 10 6 c.p.m7reaction). These reactions employed sequencing-grade Taq DNA polymerase (Promega) and the following parameters: denaturation, 94°C for 2 min; annealing, 65°C for 20 min; and extension, 72°C for 1 min. The reaction products were precipitated with 2 vol of ethanol, electrophoresed on an 8% sequencing gel (1:30 acrylamide:bisacrylamide), and the //5C<S2-specific DNase I cleavage profile revealed by Phosphorlmager (Molecular Dynamics) analysis using ImageQuant software. The //SCS2-specific oligonucleotides employed in this study were: 5'-CTATTTTCrATTGGT-TCTCTGTAGCG-3' (spanning nucleotides +25 to +2 of the lower strand) and 5'-CTTTCTTTTTGTATTCATAGAAC-AGC-3' (spanning nucleotides -277 to -252 of the upper strand).
RNA electrophoresis and Northern blot hybridization
RNA samples were prepared from control and 15 min heat shocked cells, electrophoresed, blotted and UV-crosslinked to GeneScreen, and hybridized to gene-specific probes as described (37) . HSC82 mRNA was detected using antisense RNA probe C3 (see Fig. 2A ), HSP82 mRNA was detected using a synthetic oligonucleotide homologous to its 3' end [spanning positions +2226 to +2287 (20) ], and ACT! mRNA was detected using a 1.6 kb antisense RNA probe homologous to its coding region. Stringent hybridization conditions were employed (65 °C hybridization and wash for C3, 45 °C hybridization and wash for HSP82) that resulted in minimal or no (HSP82) detectable cross-hybridization between the closely related HSP90 transcripts.
RESULTS
A single DNase I hypersensitive site is found within the HSC82 locus and maps to the gene's promoter region
To map the chromatin structure of HSC82, we digested spheroplast lysates obtained from control and heat-shocked cells with DNase I. The resultant DNA was purified, restricted with BamHl, and, following electrophoresis and blotting, indirectly end-labelled with probe C4 (see Fig. 2A for probe map) As shown in Figure 3A , such a procedure reveals the presence of a single DNase I hypersensitive site, marking the 5' end of the gene and seen irrespective of heat shock. It is notable that other than the HSC82 promoter region, there are no sequences hypersensitive to DNase I within the 5.5 kb locus. Also evident from this experiment is the presence of a single broad region of heightened DNase I sensitivity mapping to the HSC82 transcriptional unit. Taken together, these data suggest that HSC82 is the only active gene within this locus under these experimental conditions (see Discussion).
To obtain a complementary map of HSC82 chromatin structure, we hybridized a blot containing similar DNA samples with Cl, which abuts the upstream BamHl site. As illustrated in Figure 3B , such an approach confirms the presence of a constitutive DNase I hypersensitive region extending -40-280 bp upstream of the gene. Within this hypersensitive domain are several internal regions that appear to be protected from DNase I cleavage and are unchanged by heat shock; these are mapped at nucleotide precision below. Extending upstream from the DNase I hypersensitive domain are alternating regions of protection and cleavage spaced at -160 bp intervals. These accessible sites (large asterisks) may indicate the presence of nucleosomal linkers (see below). Downstream, the DNase I cutting pattern is largely indistinguishable from that of the naked DNA control. However, four chromatin-specific bands, mapping to the 3' end of the HSC82 coding region and spaced at -150 bp intervals, can be seen [ Fig. 3B , lanes 3 and 4 (small asterisks)]. While these may correspond to the linker regions of tandemly positioned nucleosomes, such nucleosomes appear to be altered in some fashion since they are not recognized by micrococcal nuclease (see Fig. 7 below) .
Genomic primer extension reveals constitutive DNase I protection at both upstream and downstream HSC82 promoter elements
To characterize protein-DNA interactions over the HSC82 upstream region more precisely, we mapped cleavage sites at nucleotide resolution using genomic primer extension analysis. Briefly, spheroplast lysates were generated as above, digested with DNase L, and genomic DNA was purified and subjected to primer extension with a radiolabelled ohgonucleotide specific for either upper or lower strand (see Materials and Methods). Strand-specific interactions were discerned by comparing the cleavage pattern of DNA in chromatin with the pattern observed for naked genomic DNA.
Four regions of protection are revealed by such an analysis. Most prominent is a strong footprint centered over the promoterdistal heat shock element, termed HSE1. The HSE1 footprint spans -30 bp, from -180 to -150, and is evident on each strand (Figs 4 and 5) . Augmented sensitivity is seen at the periphery of the footprint, particularly upstream. Both the breadth of the footprint and flanking hyperreactivity are highly characteristic of heat shock factor (HSF)-heat shock element (HSE) interactions (31, 40) . Occupancy of HSE 1 is unaltered by heat shock (data not ii Figure 4 . DNase I upper strand genomic footprint of the HSC82 promoter region Lanes \-4, sequencing ladders generated by amplified pnmer extension using genorruc DNA as the template and an ohgonucleotide complementary to the HSC82 upper strand (spanning positions +25 to +2) as the pnmer Lane designations refer to upper strand sequence Lanes 5-7, naked genomic DNA digested with 0, 0.01 or 0 04 U DNase I/ng DNA at 23°C for 5 nun Lanes 8 and 9, spheroplast lysates derived from non-heat-shocked cells were digested with increasing amounts of DNase I, genomic DNA purified, and subjected to amplified pnmer extension using the +25 ohgonucleotide as above (see Materials and Methods) Locations of potential regulatory elements are provided on right, nucleotide coordinates numbered with respect to the transcription start site are provided on left shown), consistent with the notion that yeast HSF binds to DNA constituti vely (31, 41, 42) . A second region of constitutive protection maps to the consensus GRF2 site located 20 bp upstream of HSE 1. The DNase I protection at this sequence, which spans -212 to -193, appears to be stronger on the upper strand (compare Figs 4 and 5, lanes 8 and 9; note that the same DNA samples were employed in generating the two footprints). Whether this is unique to the GRF2 interaction at HSC82 or is a general property of its binding to DNA in vivo is unknown; preferential interaction with the C-rich strand of ENO1 was not seen in vitro (60) . It is noteworthy that neither the consensus upstream repressor sequence (URS1) nor the promoter-proximal heat shock element, HSE0, is detectably occupied under either transcriptional state (see Discussion).
Within the core promoter region, two sites of strong protection are seen. Most prominent is the TATA-binding protein (TBP)-TATA interaction between positions -104 and -89. Interestingly, there is an internal segment corresponding to the first 2-3 bp of the core TATAAA motif that is highly accessible to DNase I [particularly evident on the upper strand (Fig. 4, lanes 8 and 9) ]. This pattern of protection and accessibility is retained following heat shock (data not shown). The accessibility of this internal region may result from the severe helical distortion and sharp kinking of DNA which are known to accompany binding of TBP to TATA (43, 44) . We have detected
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M, 1 (-)( + )<-)(•)<-)< + ><-) 1 2****7* Figure 5 . DNase I lower strand genomic footprint of the HSC82 promoter region Genomic pnmer extension was performed with an HSC82-specif\c nucleotide complementary to the lower strand and spanning positions -277 to -252 Samples and labelling of lanes are the same as in Figure 4 a similar region of internal hypersensiti vity within the TATA element of the HSP82 gene (31, 33) . Partial DNase I protection can also be discerned in the region downstream of the consensus TATA box (Fig. 5 and data not shown). While this region contains two alternative TATA elements (Fig. 2B) , this protection may signify the presence of an extended open polymerase complex, such as previously described at GAL1 and GAL10 (64) . This possibility is strengthened by the presence of a second region of strong protection within the core promoter, spanning the transcription initiation site (positions -5 to +15) and seen irrespective of heat shock ( Fig. 5 and data not shown). A summary of the genomic footpnnnng data is presented in Figure 2B .
The upstream region is organized into regularly spaced nucleosomes while the promoter is packaged into a non-nucleosomal, MNase-resistant particle
The DNase I indirect end-labelling experiments suggest that DNA sequences upstream of the HSC82 promoter region are packaged in a relatively DNase I-resistant state, those downstream of the promoter are in a state of heightened accessibility, while those within the promoter are hypersensitive to DNase I cleavage. To more clearly assess the extent to which nucleosomes occupy these regions, we digested nuclei isolated from control and heat-shocked cells with micrococcal nuclease, an enzyme that preferentially hydrolyzes the DNA linking adjacent nucleosomes. Genomic DNA was electrophoresed, blotted, and sequentially hybridized with probes spanning the HSC82 locus. Within the distal upstream region, MNase generates well-resolved nucleosomal ladders exhibiting a repeat length of -170 bp [ Fig  6 , lanes 2 and 3 (probe Cl)], similar to that of S.cerevisiae bulk Figure 6 . MNase-generated nucleosomal ladders detected using upstream-, coding region-and promoter-specific probes Nuclei, purified from control (-) and 15 nun heat-shocked (+) cells, were digested with MNase as described in Materials and Methods. DNA was purified, electrophoresed through 2% agarose gels, transferred to Zeta-Probe and hybridized to HSC82-specific probes Cl, C2 and C3 as indicated Sizing of DNA fragments was done using co-electrophoresed end-labelled molecular weight standards (lane 1, see Materials and Methods) Identical DNA samples were employed in the MNase ladders of lanes 2, 4 and 6 and 3, 5 and 7, the Cl-and C2-generated patterns are derived from sequential hybridizations of the same blot and are precisely aligned The C2-illuminated pattern in lane 8 represents a more extensively digested non-heat-shocked sample MNase digestion of naked genomic DNA yielded a random cleavage pattern in each region of the HSC82 locus examined (data not shown) 1N-5N correspond to integral multiples of the nucleosome repeat (160-170 bp) Sizes of monomer-, dimer-and tnmer-length DNA fragments detected by the Cl and C2 hybridization probes are provided on left and right, respectively chromatin (45, 46) . Under optimal conditions, ladders with 20 discrete bands have been observed. A similar result has been obtained using the far downstream probe C4 (data not shown).
We conclude that irrespective of the transcriptional state of the gene, the distal 5' and 3' flanking regions are packaged into regularly spaced, canonical nucleosomes. Using the coding region probe (C3), a ladder-like pattern of DNA fragments is also detected (Fig. 6, lanes 4 and 5) . The predominant nucleosomal repeat length within the coding region appears similar to that of the flanking regions (-165 bp). However, as indicated by the high interband background, there is a strong tendency for MNase to cleave at intervals other than 165 bp. This suggests that a subpopulation of nucleosomes are irregularly spaced and/or disrupted within the HSC82 transcriptional unit. Such disruption may underlie the DNase I sensitivity of the coding region (Fig. 3) , and resembles that previously seen within the HSP82 transcriptional unit (25) . It is notable that despite the presence of altered structures within the coding region, relatively sharp bands are seen in the higher oligomers (> 12 N) detected by C3. Thus it appears that spacing characteris- Figure 7 . MNase chromalm footpnnt of the HSC82 chromatin locus ± heat shock Nuclei, purified from control (-) and 15 min heat-shocked (+) cells, were digested with MNase as described in Materials and Methods Deproteinized DNA (D) was similarly digested DNA was then purified and subjected to indirect end-labelling with probe Cl, cleavage sites were mapped using landmark fragments whose mobilities are indicated on left Chromatin-specific cleavages are indicated by bold arrows; these correspond to the linker regions of positioned nucleosomes (ovals) The approximate locations of regulatory sites within the promoter are indicated (rectangles), as is the location of the HSC82 transcnpnonal unit (thin arrow) The open circle indicates the position of a strong cut site in DNA protected in chromatin (mapping to-110), the filled circle indicates the position of a site strongly cut in both DNA and chromatin (mapping to -60) Locations of protections and accessible sites are based on measurements from two independent experiments tic of nucleosomes is maintained throughout the transcriptional unit, resulting in a single register of nucleosomes throughout the 5.5 kb mapped region.
Since the HSC82 promoter region was hypersensitive to digestion with DNase I, we anticipated that MNase would cleave the promoter into subnucleosomal-length fragments as previously observed for the HSP82 promoter (20) . Unexpectedly, however, we found that the promoter-specific probe (C2) detected a stable product larger than a nucleosome (-210 bp); this fragment was resistant to even extensive digestion (Fig. 6, lane 8) . The increased resistance of the promoter to MNase is also indicated by its slower digestion kinetics compared to those seen in the 5' intergenic region within the same DNA samples (lanes 6 and 7 versus lanes 2 and 3). This result indicates that the sequence-specific factors identified above, along with perhaps other DNA binding proteins (such as histones), mimic a nucleosome in their ability to protect the promoter sequences from internal MNase cleavage. Measurement of the fragment lengths of the dimer, trimer, and higher oligomers reveals spacing at 160-170 bp intervals, consistent with the nucleosome repeat length of the surrounding regions.
Sequence-positioned nucleosomes extend upstream from the DNase I hypersensitive promoter
To determine whether the nucleosomes in the upstream region were positioned with respect to the underlying DNA sequence, we mapped MNase cleavage sites using indirect end-labelling as above. As revealed in Figure 7 , three prominent cleavages spaced at 160-170 bp intervals are seen in the chromatin samples ± heat shock. These bands are either specific to chromatin (position -280) or are much more intensely cut in chromatin than in naked DNA (positions -450 and -610; compare lanes 2 and 3 with lane 1). The spacing and intensity of these cleavages suggests the presence of two sequence-positioned nucleosomes, an interpretation supported by the strong interband protections centered at -370 and -530. Also consistent with this view are broad DNase I cleavages that map to the putative linker regions (Fig. 3B, large  asterisks) . A third prominent MNase cut site is seen at position -780 in other experiments (data not shown), suggesting the presence of a tandem array composed of at least three nucleosomes. However, as the latter cleavage maps within the region of the probe used for indirect end-labelling (Cl, spanning -1341 to -613), its location must be considered tentative.
Several other interesting features of the HSC82 locus are revealed by this analysis. The promoter region, in stark contrast to its hypersensitivity to DNase I, is relatively resistant to MNase. The resistant domain spans -210 bp and is flanked by two strong cut sites at -280 and -60 (Fig. 7 , arrow and filled circle, respectively), fully consistent with the nucleosomal ladder analysis discussed above. Notably, a strong cleavage site in naked DNA mapping to the TATA region is protected in nuclei ± heat shock (Fig. 7, open circle) . Thus, MNase and DNase I appear to recognize complementary structural features of the promoter, in particular, MNase cuts only at the periphery of the region hypersensitive to DNase I. No chromatin-specific MNase cleavages or protections are evident within the transcnptional unit or 3' flanking region (Fig. 7 and data not shown) .
DISCUSSION
In the present study, we have dissected the chromatin structure of the constitutively transcribed HSC82 gene. We have found that despite a nearly complete divergence of upstream nucleotide sequence (Fig. 8 A) , the structural organization of HSC82 bears a strong resemblance to that previously described for its inducible counterpart, HSP82 (4,13,31) (nucleoprotein structures summarized in Fig. 8B ). In both genes, a broad DNase I hypersensitive domain marks the 5' end of the gene, overlapping the promoter region. This hypersensitivity is constitutive, and resembles that seen at the 5' ends of other heat shock genes in yeast (47) , Drosophila (36, 48, 49) and mammals (50) . Within these hypersensitive domains are internal footprints reflecting the presence of sequence-specific regulatory proteins. While the transcription units of each gene exhibit a nucleosomal character, these nucleosomes are altered or disrupted, as evidenced by the high interband. background in the MNase ladder analysis and the increased sensitivity of the coding region to DNase I. Moreover, each gene is flanked on the 5' and 3' ends with nucleosomes, a number of which are sequence-positioned. Notably, the basic architecture of each gene remains unchanged following heat shock.
Close examination of the structural data reveal a number of interesting differences as well. First, within the mapped region of the HSC82 locus, there is a single DNase I hypersensitive site, while there are five such sites within a comparable region of the HSP82 locus (4, 13, 25, 52) . As nuclease hypersensitive sites mark the location of crucial m-regulatory sequences (14, 15) , their abundance at HSP82 may reflect the greater complexity of its upstream region as well as the presence of several closely packed genes. Indeed, the hypersensitive cluster centered at -615 may potentially function in the regulation of HSP82 and/or a divergently oriented upstream gene (51) . Moreover, immediately Adapted from Szent-Gyorgyi et al (13) downstream of HSP82 is the CIN2 gene; its transcription start site is only 182 bp beyond the 3' end of HSP82 and a hypersensitive site marks its promoter region (25; see Fig. 8B ). A similar analysis of the HSC82 upstream region failed to detect the presence of transcripts homologous to either strand (data not shown). Therefore, the absence of DNase I hypersensitive sites within the HSC82 locus, save the one associated with its promoter, suggests that under these experimental conditions, HSC82 is the only active gene within the 5.5 kb locus. A second difference in chromatin structure between the two genes is the MNase sensitivity of their respective promoter regions. Strong cut sites bookend a relatively resistant region within the HSC82 promoter, resulting in the generation of a stable 210 bp fragment and mimicking a mononucleosome. In contrast, other than a partial protection over the TATA box, MNase cuts the upstream region of HSP82 in a manner indistinguishable from that of naked DNA (13) . Most significantly, it degrades the HSP82 promoter region into submonomer-length fragments under conditions in which the 210 bp fragment derived from the HSC82 promoter remains stable (Fig. 6 and ref. 20) . The intrinsic resistance of the HSC82 promoter to micrococcal nuclease resembles that previously reported for the GAL1-GAL10 intergenic regulatory region. This nucleosome-free region, site of four UASG elements and a GRF2 binding site, is processed by MNase to a stable fragment of 90-130 bp (9) , large enough to accommodate the 108 bp encompassing these sequences (53) . It is interesting that HSC82, in contrast to HSP82 but like GAL1-GAL10, bears a consensus GFR2 site within its upstream region (see below).
A third area of difference between the two genes is in the fine structure of their 3' ends. In HSP82, a DNase I cutting interval of -80 bp is observed in this region, and extends at least 480 bp from the site of transcription termination into the body of the gene (13, 25) . This cleavage period, which is thought to reflect the presence of 'split' or half nucleosomes, is strictly dependent on transcription (25) . HSC82 likewise exhibits a chromatin-specific DNase I cleavage pattern at its 3' terminus (Fig. 3B) . However, these cleavages occur with nucleosomal (-150 bp) rather than half-nucleosomal periodicity. The significance of this difference is unclear, particularly since HSC82 is strongly transcribed irrespective of heat shock, based on both Northern analysis ( Fig.  1 ) and P-galactosidase assays of HSC82-lacZ gene fusions (Adams and Gross, unpublished observations). Split nucleosomes are thought to result from waves of positive supercoiling generated ahead of traversing RNA polymerase II molecules (25, 26 ; reviewed in ref. 54 ). Therefore, it is possible that such torsion is more effectively dissipated at HSC82 than at the 3' end of HSP82, where a topological anchorage site is presumed to exist between the heat shock gene and CIN2 (25) .
The fourth and perhaps most interesting difference pertains to the pattern of protection within the promoter-associated DNase I hypersensitive domain. Four genomic footprints, corresponding to sequence-specific protein-DNA interactions, are found within the HSC82 upstream region. In each promoter, two regulatory elements, the TATA box and a heat shock element located -170 bp upstream of the transcription start site (termed HSE1 in each case), are protected (Figs 4 and 5; refs 20,31,33 ). In addition, two other sites, a consensus GRF2 sequence and the principal transcription start site, are protected within the HSC82 promoter. That HSE1, TATA and GRF2 elements are functional in vivo has been confirmed by mutational analysis of each promoter (20,33,52; Adams et al., in preparation; S. F. Simmons and D. S.
Gross, unpublished results).
It is interesting that in each promoter multiple sequences bearing homology to the eukaryotic heat shock consensus sequence (HSCS) exist, yet in each promoter only one element is stably bound by protein, presumably heat shock factor (HSF). In HSC82, the promoter-proximal heat shock element, HSE0, is vacant under both transcnptional states despite exhibiting a 10/12 match to conserved nucleotides of the HSCS [considered here as four tandem inverted repeats of NTTCN (55) ]. This vacancy, which has been confirmed by dimethyl sulfate in vivo footprinting (data not shown), is all the more surprising since HSE0 exhibits the same degree of homology to the HSCS as does the constitutively footprinted sequence, HSE1 Nonetheless, in situ mutagenesis confirms that HSE0 plays little if any detectable role in regulating HSC82 transcription (Adams et al., in preparation) . Similarly, within the HSP82 promoter, two elements exhibit 9/12 matches to the HSCS, one centered at -167 (HSE1) and the other centered at -198 (HSE2), yet only the former is constitutively occupied by protein as revealed by DNase I, DMS and hydroxyl radical genomic footprinting experiments (20, 31, 33) . Thus, the promoter-distal HSE appears to be the most critical for promoter function in HSC82, whereas the promoter-proximal HSE is the critical UAS in HSP82. These results are consistent with suggestions that additional nucleotides besides the conserved TTC/GAA core sequences are important in heat shock element function (56, 57) . Indeed, within each HSE1 is the octameric sequence TTCTAGAA, a motif unique to these elements within their respective promoters and characteristic of most, if not all, heat shock genes in S.cerevisiae (58) .
Finally, our DNase I genomic footprinting experiments reveal the presence of constitutive protection over the GRF2 site located upstream of HSE1. GRF2 is an abundant yeast nuclear protein; binding sites for GRF2 are found within numerous UAS regions, as well as within centromeres, telomeres and the 35S ribosomal RNA enhancer (59) . It has been previously shown that GRF2 binding to DNA results in a local 230 bp nucleosome-free region within chromatin; deletion of the GRF2 site within the GAL1-GAL10 intergenic region leads to nucleosome encroachment over the mutated sequence (28) . While exhibiting weak transcriptional activation on its own, GRF2 can function synergistically with other elements (59) . What might be its function upstream of HSC821 We have previously shown that the HSF-HSE1 complex plays a critical role in creating the nucleosome-free region upstream of HSP82; recent mutagenesis experiments suggest a similarly important role for the HSE1 sequence upstream of HSC82 (Adams et al., in preparation). GRF2 may also contribute to the nucleosome-free state of the HSC82 promoter, particularly given its proximity to the HSF-HSE1 complex. Moreover, as discussed above, its presence may underlie the MNase protection seen within this region. We are currently testing these possibilities.
